A bulk nanostructured Al-Zn-Mg-Cu alloy with high contents of alloy elements was fabricated by cryomilling followed by spark plasma sintering (SPS) techniques. Higher strain and lower strength were obtained in the SPS-processed Al-Zn-Mg-Cu alloy samples. This is due to the agglomeration of MgZn 2 precipitated on the contact zones of powders during the SPS process. The strength of the Al-Zn-Mg-Cu alloy can be improved further by an optimize heat treatment technique, after which the precipitation-hardening effect of MgZn 2 particles precipitated homogeneously in grain interiors was enhanced. The experimental results have shown that modifying the MgZn 2 size and distribution is beneficial to improve the mechanical property of the nanostructured Al-Zn-Mg-Cu alloy.
Introduction
In coarse-grained materials, precipitation-hardening and grain refinement are dominating approaches to improve their mechanical properties. 1, 2) The potential for improving their mechanical properties by reducing their grain sizes to the nanostructured regime combined with precipitation-hardening is a new field worthy of attentions. Some studies were performed on the precipitation-hardenable Al alloys fabricated by severe plastic deformation (SPD) combined with heat treatment. [3] [4] [5] [6] [7] [8] [9] These researches mainly focus on improving the strength of ultrafine-grained Al alloys by precipitation-hardening. However, second phase particles are considered an effective pathway to enhance the ductility of nanostructured materials. 10) For example, the addition of SiC with a size about 400 nm not only improves the strength but also enhances the ductility of nanocrystalline Ni.
11) It is clear that some precipitations can improve the ductility of the metallic glasses and metallic glass matrix composites by modifying the propagation of shear bands. 12) Up to now, however, there has been little system work on the influence of precipitations on ductility in nanostructured alloys. Moreover, the underlying mechanism associated with the effect of precipitations on ductility and strength in nanostructured matrix is not understood.
A bulk nanostructured Al-Zn-Mg-Cu alloy with high contents of alloy elements was fabricated by cryomilling followed by spark plasma sintering (SPS) techniques in this work. And then, a heat treatment was carried out in order to improve further its mechanical property. The purpose of this paper is to investigate the effect of precipitations on the mechanical property of the bulk nanostructured Al alloy by a uniaxial compressive test.
Materials and Experimental Procedure
Spray-atomized Al-10.0Zn-3.0Mg-1.8Cu (mass%) Al alloy powder with a particle size less than 40 mm was mechanical milled under a liquid nitrogen environment for 10 h, and the impeller was operated at 200 rpm. GCr15 bearing steel balls with a diameter of 6.4 mm were used as the grinding media and the ball-to-powder mass ratio was 30 : 1. Consolidation was performed by a SPS using a SPS-3.20-MK-V SPS apparatus under vacuum of 1 Â 10 À5 Pa with a uniaxial pressure of 50 MPa and heating rate of 100 C/min. The sample was kept at the temperature 450 C for 120 seconds. Two-stage solution treatment was carried out at 445 C/30 min + 470 C/30 min followed by water quenching and artificial aging was performed at 120 C for 12 h. Cubic compression specimens with sides of 7 mm were machined. A CMT4305 universal tester with an extensometer was used for compression tests at strain rate of 10 À3 s À1 . Backscattered electron images of the samples were obtained using a ZEISS-SUPRA55 Field Emission Gun scanning electron microscope (SEM). Transmission electron microscope (TEM) studies were performed using a JEOL 2010 microscope operated at 160 kV. The TEM thin-foil specimens were prepared by the conventional twin-jet electropolishing technique using a 30% nitric acid plus a 70% methanol solution at À20 C and 20 V.
Results and Discussion
3.1 Microstructure of the nanostructured Al-10.0Zn-3.0Mg-1.8Cu alloy Figure 1 shows the backscattered SEM micrographs of the nanostructured Al alloys at different states. Figure 1 (a) reveals the image of the SPS-processed sample, in which many white agglomerates can be seen. Energy dispersive spectrometry (EDS) analysis suggests that they are MgZn 2 phase. One can see that the size of the MgZn 2 phase is more then 400 nm. From the backscattered SEM image with low magnification (was not presented here), these agglomerates were precipitated on the contact zones of powders. The effect of the agglomerates on the mechanical properties of the alloy was evaluated by a uniaxial compression test, as described later. Different solid solution treatment schemes were carried out in order to dissolve these agglomerates adequately on the basis of avoiding quenching fracture and grain coarsening. The results display that the quenching fractures of the alloy sample occur often when the solution temperature exceeds 470 C. Therefore, a two-step solid solution treatment was carried out in order to solve the above problem. However, a few small bar-like or particle-like MgZn 2 particles were present in the Al matrix even after two-step solid solution treatment, as shown in Fig. 1(b) . Figure 1 (c) displays the backscattered SEM micrograph of as-aged sample. One can see that the MgZn 2 particles with finer size were precipitated uniformly after aging treatment.
The details of the precipitations in the SPS-processed and as-aged samples were further studied by TEM, as shown in Fig. 2 . It can be seen that grain boundaries are approximately consecutively decorated by the coarse MgZn 2 particles, indicated that the MgZn 2 particles precipitate preferably in grain boundaries of the Al matrix during the SPS, as shown in Fig. 2(a) . After the solid solution and aging treatment, one can see that a lot of fine spherical-like MgZn 2 particles were homogeneously precipitated in the grain interiors rather than on the grain boundaries, as shown in Fig. 2(b) . Moreover, some spherical area of moiré fringes with size about 20 nm can be seen in the grain interiors (as shown by white arrows), which indicates that some precipitations overlap together.
As mentioned previously, the cryomilled Al-Zn-Mg-Cu alloy powders have nanocrystalline structure and are supersaturated solid solution. Precipitation should be carried out during the SPS. Precipitations of MgZn 2 phase are expected to occur on the surfaces of powders and grain boundaries due to the sites for heterogeneous nucleation. Moreover, the enhanced mass transport by plasma discharge and high density current during a SPS 13) improve this process. At the initial stages of the SPS, the only path for the current to flow is the contact zones of powders, where the current density is very high and the temperature is also high due to plasma discharge. Consequently, the MgZn 2 particles agglomerate on the contact zone of powders. The volume fraction of grain boundaries of nanostructured alloys is much high than that of coarse counterparts. It is preferable that the precipitations were formed on grain boundaries owing to the special structure of the grain boundaries, which are the rapid paths of diffusion processes for alloy elements.
After solution treatment and aging, the microstructure of the nanostructured Al-Zn-Mg-Cu alloy was still homogeneous. Their grain sizes were about 200 nm (Fig. 2) , showing that the alloy has high thermal stability. The reason is due to the pinning effect of the second phase particles on the grain boundaries. These particles include the precipitations of MgZn 2 , oxide and nitride phases [14] [15] [16] [17] formed during the cyromilling. The remarkable effect of heat treatment on the mechanical properties of the nanostructured Al-Zn-Mg-Cu alloy is due to the variation of the distribution and morphology of MgZn 2 particles. Proper solution treatment almost eliminates these MgZn 2 agglomerates which distribute on the contact zones of powders and those precipitations which lay on the grain boundaries of the Al-Zn-Mg-Cu alloy. Artificial aging makes these fine MgZn 2 particles precipitate homogeneously in the grain interiors rather than on the grain boundaries, which is beneficial to improve the mechanical properties of the nanostructured Al-Zn-Mg-Cu alloy.
Mechanical properties of the nanostructured Al-
10.0Zn-3.0Mg-1.8Cu alloy The mechanical properties of the nanostructured Al-ZnMg-Cu alloys after the SPS and age treatment were test again under a uniaxial compression. Plots of true stress as a function of true strain were displayed in Fig. 3 . One can see that the ultimate compressive strength of the SPS-processed sample is only 632 MPa, as shown in Fig. 3 . However, its true strain reaches 45%. From this figure, we can also see that the ultimate compressive strength of the as-aged sample reaches 900 MPa, which is significantly higher than that of the SPSprocessed one. In contrast, the true strain of the as-aged sample decreases to 20%.
It is clear that the mechanical properties of the nanostructured Al-Zn-Mg-Cu alloy are related to the microstructure and the distribution of MgZn 2 particles. As mentioned above, there are many coarse MgZn 2 particles is the Poisson's ratio of 0.33, r s is the average radius of precipitation, r 0 is the radius of dislocation core (r 0 ¼ 2b), s is the inter-particles distance. 19) If r s is assumed to be 20 nm and s is assumed to be 5 nm, the calculated value of Orowan strength of the as-aged sample is 334 MPa. The high strength of this alloy is attributed to grain refinement strengthening and precipitation-strengthening.
Cheng et al. 7) showed that the enhanced ductility of ultrafine-grained Al alloys prepared by a SPD is attributed to the increase work-hardening rate owing to the effect of nanosized precipitations on dislocations. In our study, the SPSprocessed sample with coarse MgZn 2 agglomerates has excellent ductility. Moreover, the contamination of iron from GCr15 bearing steel ball during cryomilling can also affect the mechanical property of the alloy. It is interesting that the ductility of the as-aged sample reduces when these agglomerates disappear, showing that the variation of ductility may be attributed to these agglomerates. An underlying mechanism may be attributed to these agglomerates acting as crack blunting objects, which needs further study. The observed results in this study provide a new pathway to tailor the ductility and strength of nanostructured multiphase alloys by varying the distribution and size of precipitations.
Conclusions
A bulk nanostructured Al-10.0Zn-3.0Mg-1.8Cu alloy was fabricated by cryomilling followed by spark plasma sintering techniques. The experimental results have shown that the ultimate compressive strengths and the total true strains of SPS-processed and heat treated Al-10.0Zn-3.0Mg-1.8Cu alloy sample were 632 MPa, 45% and 900 MPa, 20%, respectively. The former is suggested the agglomeration of MgZn 2 precipitated on the contact zones of powders during the SPS process. The latter is due to the precipitationhardening action of MgZn 2 particles precipitated homoge- 
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As SPS-processed neously in grain interiors after heat treatment was enhanced. It is clear that to modify the MgZn 2 size and distribution is beneficial to improve the mechanical property of the nanostructured Al-Zn-Mg-Cu alloy.
